TFIIIB, TFIIIC2, and PTF/SNAPC are heteromultimeric general transcription factors (GTFs) needed for expression of genes encoding small cytoplasmic (scRNAs) and small nuclear RNAs (snRNAs). Their activity is stimulated by viral oncogenes, such as SV40 large T antigen and Adenovirus E1A, and is repressed by speci®c transcription factors (STFs) acting as antioncogenes, such as p53 and pRb. GTFs role as ®nal targets of critical signal transduction pathways, that control cell proliferation and dierentiation, and their involvement in gene expression regulation suggest that the genes encoding them are potential proto-oncogenes or anti-oncogenes or may be otherwise involved in the pathogenesis of inherited genetic diseases. To test our hypothesis through the positional candidate gene approach, we have determined the physical localization in the human genome of the 11 genes, encoding the subunits of these GTFs, and of three genes for proteins associated with TFIIIB (GTF3BAPs). Our data, obtained by chromosomal in situ hybridization, radiation hybrids and somatic cell hybrids analysis, demonstrate that these genes are present in the human genome as single copy sequences and that some cluster to the same cytogenetic band, alone or in combination with class II GTFs. Intriguingly, some of them are localized within chromosomal regions where recurrent, cytogenetically detectable mutations are seen in speci®c neoplasias, such as neuroblastoma, uterine leyomioma, mucoepidermoid carcinoma of the salivary glands and hemangiopericytoma, or where mutations causing inherited genetic diseases map, such as Peutz-Jeghers syndrome. Their molecular function and genomic position make these GTF genes interesting candidates for causal involvement in oncogenesis or in the pathogenesis of inherited genetic diseases. Oncogene (2001) 20, 4877 ± 4883.
Keywords: Cancer Genome Anatomy Project; oncogenesis; human general transcription factors; regulation of gene expression; cell proliferation, dierentiation and apoptosis Proliferation, dierentiation and apoptosis are the result of signi®cant modi®cations of the cell phenotype, both at the RNA and the protein level. These phenomena are brought about by speci®c transcription factors (STFs), that modulate them either positively or negatively. The level of PolIII activity, needed for the synthesis of 45S rRNA, 5S rRNA, tRNAs, other scRNAs and snRNAs, is strictly regulated according to cell cycle, dierentiation, developmental stage and neoplastic status (reviewed by White, 1998) . A critical role is performed by TFIIIB, TFIIIC2 and PTF/ SNAPC, three general transcription factors (GTFs) that allow the polymerase to interact with promoter DNA and are essential for the expression of growthrelated scRNAs and snRNAs (reviewed by Henry et al., 1998; Kumar et al., 1998; Paule and White, 2000) . TFIIIB, TFIIIC2 and PTF/SNAPC are repressed by p53 and pRb, two STFs that negatively control proliferation and block cells with potentially dangerous mutations from completing the cycle, eventually activating the apoptotic process (Chu et al., 1997; Cairns and White, 1998) . This inhibition may be reversed by viruses such as SV40, Hepatitis B virus and human T cell leukemia virus type 1 (White, 1998) . SV40 large T Antigen, as well as serum stimulation or adenovirus infection, increase the amount of the 110 kDa subunit of TFIIIC2, thereby activating the factor and, accordingly, PolIII transcription (Sinn et al., 1995; Damania et al., 1998; Larminie et al., 1999) . All TFIIIC2 subunits are overexpressed in ovarian tumours, a leading cause of gynecological cancer deaths in the USA (Winter et al., 2000) . Finally, expression of the TAF3B2 gene, encoding TFIIIB-90 (Table 1) , has been shown to decrease during dierentiation of F9 cells concomitantly with TFIIIB activity (Alzuherri and White, 1998) .
These data strongly suggest that the genes encoding TFIIIB, TFIIIC2 and PTF/SNAPC are themselves amongst the ®nal targets of signal transduction pathways important for the control of cell proliferation and dierentiation. In light of their critical metabolic role, mutations eliminating completely the activity of these GTFs might be lethal. However, transcription factor mutants that interfere with protein-DNA or protein ± protein interactions, such as those with upstream regulators like p53 and pRb, might impair the proper response to external factors: thus, by in¯uencing PolIII associated transcription they might generate in humans pathologic phenotypes, in particular malignancies or other genetic diseases with dysregulation of cellular growth or dierentiation.
Genomics of TFIIIB, GTF3BAPS, TFIIIC2 and PTF/SNAPC
To establish the genes encoding the subunits of TFIIIB, TFIIIC2, PTF/SNAPC, and of the three polypeptides associated with TFIIIB (GTF3BAPs) as positional candidates for tumours and other genetic diseases, we have determined their genomic localization by in situ hybridization, radiation hybrids and human/murine somatic cell hybrids analysis. Southern analysis of hybrid cell lines with the cDNA inserts, listed in Table  1 , demonstrated that these GTF genes are present in the human genome as single copy sequences and allowed the chromosomal assignment of the corresponding loci to speci®c human chromosomes (data not shown). These data were con®rmed and the genomic position of GTF loci was precisely identi®ed through FISH to normal human metaphase and prometaphase chromosomes (Table 2 and Figure 1 ). The GTF3C4 locus was physically localized at 9q34 by segregation analysis of gene-speci®c markers, performed by ampli®cation of clone DNAs from the GeneBridge 4 human radiation hybrid panel (Tables 3 and 4 ). For groups of GTFs mapping at 9q34 and 19p13, analysis of the same Bai et al. (1996) hPTF g SNAPC1 Yoon and hPTF d SNAPC2 Yoon and a Symbols were assigned by HUGO Nomenclature Committee radiation hybrids was performed in order to determine the most likely linear order of loci within each cluster. We included in our RH analysis also GTF2F1, which encodes the large 74 kDa subunit of TFIIF (a class II GTF) and which we had previously mapped by FISH to chromosome 19p13.3 (Purrello et al., 1995) . The linear order of GTF genes localized at 9q34 is (centr, GTF3C5, GTF3C4, SNAPC4, tel), whereas that of GTF genes at 19p13 is (centr, GTF3BAP2, GTF2F1, SNAPC2, tel) ( Table 4 ). The GTF3BAP1 and GTF3BAP3 loci were assigned through in situ hybridization to 1p32 and 19q13.3, respectively (Table  2) . We decided to conclusively con®rm their genomic position by analysing the GeneBridge 4 panel (Table 5) , since both chromosomal regions are frequently involved in structural mutations detected in cells from dierent neoplasias (Table 6 ).
The results of the analysis of human/murine hybrid cell lines, of in situ chromosomal hybridization and of radiation hybrids analysis are all reciprocally consistent. All the GTF genes, that we have characterized in this report, appear to be single copy and are localized Figure 1 Fluorescence in situ hybridization to normal human chromosomes of cDNA inserts for TAF3B2 (panel A), GTF3C3 (panel B), and SNAPC4 (panel C) demonstrates that they are localized at 14q32, 2q31, 9q34.3, respectively. For each locus a metaphase after FISH and after Giemsa staining is shown, next to an ideogram of the chromosome where the gene is located, as shown by the arrow. Southern and Northern analysis and in situ hybridisation were performed as described (Purrello et al., 1998) , by using as probes the cDNA inserts listed in Table 1 in various regions of the human genome; however, two groups cluster to dierent cytogenetic bands, in one case together with a class II GTF. Neither sequence similarity or functional coherence can at present explain these co-localizations. Mutant phenotypes associated with homologues of the GTF genes, described in this report, might be known in the mouse and serve as models guiding to related human disorders. Therefore, we identi®ed the putative map positions of murine homologues of all genes by database comparison (Tables 4 and 5 ).
Southern analysis of TaqI digested DNA from about 100 unrelated individuals, with the cDNA insert for the TAF3B2 gene, allowed the detection of a frequent insertion/deletion polymorphism, with at least 10 dierent alleles in the size range of 25 ± 40 Kb, which could be useful for LOH and linkage studies in the 14q32 region (not shown). High stringency Northern analysis of RNA from human cell lines U937 and K562, with GTF cDNA inserts listed in Table 1 , demonstrated the presence of single RNA populations of about 3700, 4700, and 4600 bp hybridizing to the cDNA inserts for GTF3BAP1, GTF3BAP2, GTF3BAP3, respectively. The probes for GTF3C3, GTF3C4, GTF3C5, SNAPC2 and SNAPC4 identi®ed single mRNA species of 2900, 4600, 2400, 1800 and 5000 bp, respectively. The cDNA probe for TAF3B2 detected at high stringency two mRNA isoforms of approximately 3800 and 3600 bp, that are present in comparable amounts within the cell lines that were analysed; this result is particularly interesting in view of the identi®cation of two protein variants, that are encoded by the TAF3B2 gene but possess dierential anity for distinct class III promoters (McCulloch et al., 2000) . Two dierent mRNA species, of about 2900 and 1800 bp and similarly represented within the cell lines U937 and K562, hybridized to the probe for the SNAPC1 locus (data not shown).
Involvement of TFIIIB, GTF3BAPs, TFIIIC2 and PTF/SNAPC in neoplasia and in genetic diseases
The map positions that we have determined allow the in silico association of the chromosome regions involved in man or mouse with tumour or genetic disease phenotypes. One of the clusters and three other GTF genes are associated with recurrent, cytogenetically detectable, mutations in neoplasias (Table 6) . Table 6 was compiled by using updated data on the Neuroblastoma, the most common solid extracranial neoplasm in children and the third most common pediatric cancer, has been associated with interstitial deletions of 1p32 that are detected with a frequency at least as high as those of 1p36: this has suggested that negative modulators of cell growth reside within this region (Schleiermacher et al., 1994) . Because of its localization within this region and its pattern of expression (data not shown) we consider the GTF3BAP1 gene an interesting candidate for involvement in neuroblastoma pathogenesis. Uterine leiomyomas are the most common gynecologic tumours in women of reproductive age and a primary indication for hysterectomy in western societies. The region 14q24, where the gene SNAPC1 resides, is involved in deletions and translocations in about 4.3% of 366 cases studied, with an incidence of 5.30% (Pedeutour et al., 2000) . Mucoepidermoid carcinoma of the salivary glands and hemangiopericytoma are two neoplasias whose molecular pathogenesis is still uncharacterized. In all of 23 cases of mucoepidermoid carcinoma of the salivary glands (a pediatric tumour), reported to date, the only cytogenetic anomaly detected was a translocation t(11;19) (q21;p13), which suggests that this mutation is an early and, possibly, primary event in the development of these neoplasias and that genes located at the breakpoints should be involved. Based 25.8 cM AFMal34xb9 SGC35395 11000000 a 0, negative; 1, positive; 2, uncertain data. By physical mapping using the Genbridge 4 radiation hybrid panel, GTFs were mapped with respect to Whitehead framework markers (http://carbon.wi.mit.edu:8000/cgi-bin/contig/rhmapper.pl). From markers¯anking the genes on the Whitehead map, their position in an interval of the GeneMap 99 (http://www.ncbi.nlm.nih.gov.genemap/) was determined. Flanking genes in this interval allowed to determine by database search the putative mouse chromosome localizations (http://www.informatics.jax.org/ccr/searches/ index.cgi). In addition to the physical distance to the¯anking Whitehead framework markers, for each of the genes the closest¯anking markers within the Whitehead RH-map and the genetic map intervals according to GeneMap 99 (http://www.nvbi.nlm.nih.gov/genemap/) are listed in the Table. b See Table 2 on their molecular function and genomic position, we propose that both SNAPC2 and GTF3BAP2 are two candidate genes for these tumours (Table 6) . Similarly, only the translocation t(12;19) (q32;q13) was found in all reported cases of hemangiopericytoma, a malignant neoplasia of the vascular system with a high propensity to metastatize. It seems logical to propose that either one or both regions harbour the gene(s) involved and that GTF3BAP3 is a good functional and positional candidate. Finally, Peutz-Jeghers syndrome (PJS) is an autosomal dominant trait that is characterized by an increased risk of occurrence of cancer of the stomach, pancreas, small intestine, colon, rectum and ovary (about 20 times higher than in unaected people). The gene encoding the serine-threonine kinase STK11, located at 19p13.3, has been shown to be responsible for the syndrome (Hemminki, 1999) . Interestingly, it has been also demonstrated that sporadic occurrence of adenoma malignum of the uterine cervix or ovarian tumors targets other genes than STK11, but always 0, negative; 1, positive; 2, uncertain data. By physical mapping using the Genbridge 4 radiation hybrid panel, GTFs were mapped with respect to Whitehead framework markers (http://carbon.wi.mit.edu:8000/cgi-bin/contig/rhmapper.pl). From markers¯anking the genes on the Whitehead map, their position in an interval of the GeneMap 99 (http://www.ncbi.nlm.nih.gov.genemap/) was determined. Flanking genes in this interval allowed to determine by database search the putative mouse chromosome localizations (http://www.informatics.jax.org/ccr/searches/index.cgi). In addition to the physical distance to the¯anking Whitehead framework markers, for each of the genes the closest¯anking markers within the Whitehead RH-map and the genetic map intervals according to GeneMap 99 (http://www.nvbi.nlm.nih.gov/genemap/) are listed in the Table. b See Frequency is the number of specimens of the neoplasia with citogenetically detectable mutations of the chromosomal regions of interest/total number of specimens of the neoplasia analysed. Incidence is the number of cytogenetically detectable mutations of a speci®c chromosomal region in a de®ned type of neoplasia/total number of cytogenetically mutations identi®ed in the same type of neoplasia located at 19p13.3 (Wang et al., 1999) . Since both GTF3BAP2 and SNAPC2 are localized within this same chromosomal band, we suggest that they could be considered as potential candidates for these tumours.
In conclusion, we propose that our studies could allow the identi®cation and characterization of the GTF genes as a new category of cancer genes, which is among the main objectives of the Cancer Genome Anatomy Project. Furthermore, our data could contribute to clarify some of the functional intricacies of the human general transcription apparatus, thus improving our understanding of its biological functions.
